We present crystal structures of the calcium-free E2 state of the sarcoplasmic reticulum Ca 2 þ -ATPase, stabilized by the inhibitor thapsigargin and the ATP analog AMPPCP. The structures allow us to describe the ATP binding site in a modulatory mode uncoupled from the Asp351 phosphorylation site. The Glu439 side chain interacts with AMPPCP via an Mg 2 þ ion in accordance with previous Fe 2 þ -cleavage studies implicating this residue in the ATPase cycle and in magnesium binding. Functional data on Ca 2 þ mediated activation indicate that the crystallized state represents an initial stage of ATP modulated deprotonation of E2, preceding the binding of Ca 2 þ ions in the membrane from the cytoplasmic side. We propose a mechanism of Ca 2 þ activation of phosphorylation leading directly from the compact E2-ATP form to the Ca 2 E1-ATP state. In addition, a role of Glu439 in ATP modulation of other steps of the functional cycle is suggested.
Introduction
The sarco(endo)plasmic reticulum Ca 2 þ -ATPase (SERCA) is a member of the P-type ATPase cation pump family. These pumps maintain the electrochemical gradients for cations across biomembranes (Moller et al, 1996) and play a key role in cell biology. Ca 2 þ -ATPases maintain calcium gradients and potentiate the Ca 2 þ -mediated signaling networks (Carafoli, 2002) . The lumen of the sarcoplasmic/endoplasmic reticulum serves as a calcium store in most cells and calcium pumps positioned in these membranes maintain a steep Ca 2 þ gradient as required for fast calcium-mediated signaling. The control of actin-myosin activity in muscle tissue represents a prominent and well-studied example of Ca 2 þ -mediated signaling (Hasselbach and Makinose, 1961) . SERCA is thus responsible for the reuptake of cytoplasmic Ca 2 þ in muscle, where it ensures the efficient relaxation at the end of a contraction event. Ca 2 þ -ATPases have recently attracted attention as a putative drug target against slowly proliferating cancer cell lines such as prostate cancer (Denmeade et al, 2003; Sohoel et al, 2006) and also recently as the probable target of antimalarials belonging to the artemisinin family (Eckstein-Ludwig et al, 2003; Uhlemann et al, 2005) .
The functional cycle of P-type ATPases is typically denoted by E1 and E2 states that for SERCA relate to the binding and active transport of cytoplasmic Ca 2 þ and the countertransport of luminal H þ to the cytoplasm, respectively. In Ca 2 þ translocation, ATP is involved as the key substrate in the formation of the Ca 2 þ occluded E1BP state. The details of this reaction have been thoroughly worked out in biochemical and structural studies (Pickart and Jencks, 1982; Andersen and Vilsen, 1992; Sorensen et al, 2004) . However, ATP at physiological concentrations also exhibits a general, stimulatory effect on the functional cycle of SERCA relating to a noncatalytic, modulatory mode of binding to the various ATPase intermediates as depicted in Figure 1 . Thus, an acceleration is observed of (i) the E2 to Ca 2 E1 transition associated with Ca 2 þ binding after dephosphorylation (Guillain et al, 1981; Fernandez-Belda et al, 1984; Stahl and Jencks, 1984; Mintz et al, 1995) ; (ii) the E2P to E2 transition associated with dephosphorylation (McIntosh and Boyer, 1983; Champeil et al, 1988) ; and (iii) the Ca 2 E1BP to E2P transition promoting Ca 2 þ translocation (Champeil and Guillain, 1986; Wakabayashi et al, 1986; Lund and Moller, 1988) . For Na þ ,K þ -ATPase, it is specifically the K 2 E2 to Na 3 E1 transition of the Na þ ,K þ -ATPase that is accelerated by ATP (Post et al, 1972; Glynn, 1984; Forbush, 1987) . Thus, besides being a catalytic substrate, ATP is a stimulatory cofactor, and this function is likely to be of general importance in the P-type ATPase family. A key question as to the mechanism of SERCA is then to address the structural and functional properties of the modulatory ATP binding site in comparison to the catalytic site and to make possible extrapolations to other P-type ATPases.
There is strong evidence from mutational studies McIntosh et al, 2003) and X-ray crystallography (Sorensen et al, 2004; Toyoshima and Mizutani, 2004 ) for a direct involvement of the conserved residues in the N-domain in nucleotide binding of rabbit SERCA1a . In this connection, it is of interest that Glu439 also has a prominent effect on the ATPase rate of SERCA (Inesi et al, 2004) and is of great importance for a proper structural response of bound nucleotide to proteolytic cleavage (Ma et al, 2003 et al, 2004) , we see that Glu439 is in a rather exposed position and not in direct contact with any of the ligands, including Mg 2 þ . Another puzzling observation relates to the structure of SERCA in the Ca 2 E1 state, which exhibits an open conformation with the N-and A-domains detached from the P-domain (Toyoshima et al, 2000) . The functional relevance of this nucleotide-free form can be disputed, considering that the physiological concentrations of ATP in muscle tissue are maintained at a millimolar level, sufficient to effectively saturate ATP binding to all ATPase intermediates (Figure 1 ).
To address the modulatory effect of ATP and the mechanism of Ca 2 þ -mediated activation of phosphorylation, we have determined crystal structures at 3.1 and 2.8 Å resolution of SERCA representing an E2-ATP state. This was achieved by use of the stabilizing inhibitor thapsigargin (Tg) and the nonhydrolyzable ATP analog AMPPCP. An isomorphous crystal form obtained in the absence of nucleotide was solved at 3.1 Å resolution, and isomorphous crystals without thapsigargin were analyzed at low resolution. Along with the structural data, we have conducted biochemical experiments to further understand the effect of thapsigargin.
Results

E2(Tg)-AMPPCP, E2-AMPPCP, and E2(Tg) form
Crystals of calcium-free E2(Tg)-AMPPCP, E2-AMPPCP, and E2(Tg) complexes were obtained by vapor diffusion using protein prepared in the presence of native lipids from sarcoplasmic reticulum membranes. Crystallographic data were collected using synchrotron radiation (Table I ). The structure of the E2(Tg)-AMPPCP complex representing an E2-ATP state was solved at 2.8 and 3.1 Å resolution from two similar crystals forms showing P4 1 2 1 2 symmetry with one molecule per asymmetric unit (Figure 2A) . Crystals of the thapsigargin-free E2-AMPPCP form appear isomorphous to E2(Tg)-AMPPCP with respect to growth conditions, morphology and unit cell dimensions. However, it was not possible to collect a data set, possibly due to radiation sensitivity. The unit cell dimensions of E2(Tg)-AMPPCP and E2-AMPPCP are similar to published structures of the nucleotide-free E2(Tg) (Toyoshima and Nomura, 2002) and E2(Tg, dibutyldihydroxybenzene (BHQ)) forms (Obara et al, 2005) structures which were, however, solved in the lower space group P4 1 with two molecules per asymmetric unit (PDB entries 1IWO and 2AGV). Unfortunately, we have been unable to compare these latter forms to ours on the basis of experimental data since the structure factor amplitudes are not available. We therefore crystallized the E2(Tg) form (also in our hands exhibiting P4 1 2 1 2 symmetry) and collected data sets extending to 3.1 and 3.3 Å resolution, allowing us to calculate isomorphous difference Fourier maps between nucleotidebound and nucleotide-free crystal forms ( Figure 2B ) and to refine a nucleotide-free structure (Table I) . The difference map clearly identifies the ATP analog by the presence of electron density extending to a 7s level at the nucleotide binding site of the N-domain and protruding towards the interface to the P-domain ( Figure 2B ). The same map also shows local conformational changes centered on the Glu439 residue, which is engaged in nucleotide binding via a magnesium ion bound between the a-and b-phosphate groups of the ATP analog (see below). The two forms of the E2(Tg)-AMPPCP-complex were obtained at similar buffer conditions (pH 6.8 and 1 mM AMPPCP), but displayed rather different occupancies at the nucleotide binding site (assigned as 100 versus 25% in refinement, Table I ). A variability also noted in similar studies of a complex with a thapsigargin-based derivative (Sohoel et al, 2006) .
The nucleotide in E2(Tg)-AMPPCP adopts a slightly different conformation compared to the structures of the Ca 2 E1-AMPPCP and Ca 2 E1-ADP:AlF 4 À forms. Contacts at the P-domain are different from the nucleotide-bound E1 forms (Table II) . The g-phosphate group is positioned 9 Å away from the Asp351 phosphorylation site. The canonical Mg 2 þ binding site of the haloacid dehalogenase superfamily (Aravind et al, 1998) in nucleotide-bound E1 forms coordinated by Asp351, Thr353, Asp703, and the g-phosphate group (Sorensen et al, 2004; Toyoshima and Mizutani, 2004) is not occupied. In the N-domain, the ATP binding site is primarily formed by residues that are also involved in nucleotide binding in the E1 forms (Sorensen et al, 2004) , but the nucleotide bound in modulatory mode is more exposed and not tightly fitted into its binding site compared to the catalytic mode (Table II together with the a-and b-phosphate groups of AMPPCP are part of the octahedral coordination sphere of the Mg 2 þ ion. This Mg 2 þ site we denote as site II to differentiate it from the canonical Mg 2 þ binding site (denoted site I) involved in phosphorylation of the ATPase. The Arg560 residue of the N-domain also interacts with the a-and b-phosphate while the Arg678 residue approaches the ribose moiety, albeit too far away for hydrogen bonding. Interestingly, both the Mg 2 þ ion of site II and Arg560 are in direct contact with the oxygen bridging the a-and b-phosphate groups, in agreement with previous observations on the requirement of this bridging oxygen atom for a nucleotide-assisted protection against proteolytic degradation (Ma et al, 2003) . The g-phosphate group forms a loose contact to the periphery of the P-domain at the Gly626 region (at the TGD motif, Figures 2 and 3 ). These interactions must occur via a solvation layer, which then will allow for a smooth transition to the catalytic mode where the intimate contact between the g-phosphate and the phosphorylation site becomes stabilized by the Mg 2 þ site I (see further below).
Except for the presence of nucleotide and local conformational changes, the overall structure of the E2(Tg)-AMPPCP form is similar to that of the E2(Tg) complex ( Figure 2A ). This includes the structure of the transmembrane region, which is nearly identical to that of the proton occluded E2(Tg):AlF 4 À complex (Olesen et al, 2004) . We therefore interpret the E2(Tg)-AMPPCP structure as representing a protonated H n E2-ATP state.
Concerning the functional properties of the thapsigarginstabilized E2 form of membranous Ca 2 þ -ATPase, we have found that ATP binding is retained, although with a reduced affinity compared to that of the thapsigargin-free E2 form ( Figure 4A ). The K d of ATP binding is 150 mM for E2(Tg) versus 30 mM for E2 (at pH 7.2 and absence of divalent cation by addition of EDTA), and there is a moderate stimulatory effect of Mg 2 þ on the ATP binding process with a K d of 100 mM for E2(Tg), to be compared with 5 mM for E2 (at pH 7.2 and a free concentration of about 1 mM Mg 2 þ ). The Ca Figure 4B ), one binding site with a reduced Ca 2 þ binding affinity can be detected at pH 7.2 ( Figure 4C ), and two binding sites are present at pH 8.0 with only a modest decrease in affinity ( Figure 4D ). Ca 2 þ binding by the E2 state of SERCA (in the absence of thapsigargin) is not affected at pH 7.2 by the presence of 1 mM AMPPCP ( Figure 4C ), whereas at pH 6.0 ( Figure 4B ) Ca 2 þ binds with a higher affinity and with more distinct cooperativity (the Hill coefficient at pH 6.0 is increased from 1.3 to 1.7 by addition of 1 mM AMPPCP). These latter results are in agreement with the well-known nucleotide acceleration of the Ca 2 þ /H þ exchange mechanism of the fully protonated E2 form, H n E2 a Data set collected for optimal isomorphous difference Fourier map against E2(Tg)-AMPPCP form 1 (see Figure 2B ). b Values in parentheses here and below refer to the high-resolution shell as indicated.
is the ith measurement. d Occupancies were estimated on the basis of F obs ÀF calc difference Fourier maps and B-factor comparisons between ligand and binding pocket of the protein.
R free is the R-factor calculated for a randomly picked subset of approx. 1000 reflections excluded through-out the refinement. The same test set was used for all P4 1 2 1 2 forms. f Fractions of residues in 'most favorable', 'allowed', 'generously allowed' and 'disallowed' regions of the Ramachandran plot according to PROCHECK (Laskowski et al, 1993) . (Mintz et al, 1995) . AMPPCP does not affect Ca 2 þ binding in the presence of thapsigargin ( Figure 4B and C). We conclude that our data are consistent with thapsigargin stabilizing the ATPase in the protonated H n E2 state at pH 6.0, and that E2(Tg) gradually recovers the ability to bind Ca 2 þ with increasing pH ( Figure 4D ).
Discussion
Overall structure of the E2(Tg)-AMPPCP form We find the E2(Tg)-AMPPCP structure to represent an initial state of the E2 to E1 transition. At pH 8 the E2 form readily releases counter-transported protons and has similar Ca 2 þ binding properties in the absence and presence of thapsigargin. In contrast, we observe a clear inhibition by thapsigargin at pH 6 ( Figure 4B ), which shows that thapsigargin stabilizes the fully protonated H n E2 state. This is further supported by crystallographic studies of the proton-occluded H n E2:AlF 4 À form that we have obtained in the presence and absence of thapsigargin (Olesen et al, 2004 ; Olesen et al, in preparation), and whose structures, as far as the transmembrane region is concerned, are virtually identical to that of E2(Tg)-AMPPCP. While the overall arrangement of the cytoplasmic domains of the H n E2(Tg)-AMPPCP form bears some resemblance to H n E2:AlF 4 À (mimicking the E2P transition state of dephosphorylation), a key difference is the loosening of intimate interactions of the A-domain and its linkers with the P-domain and the membrane. This causes the retraction of the TGES motif of the A-domain away from the phosphorylation site allowing the N-domain with bound nucleotide to move closer to the P-domain ( Figure 5 ). The result is an arrangement of the cytoplasmic domains, which is inbetween that of the E2P transition state and the Ca 2 E1BP-ADP state, yet still with an inclination of the entire, cytoplasmic head-piece towards the membrane. These observations are consistent with the view that after nucleotide binding and E2P dephosphorylation, a gradual transition takes place from the E2-ATP state, where ATP is bound in the modulatory mode, to the Ca 2 E1-ATP state where ATP is bound in the catalytic mode. There is therefore only one ATP binding site in SERCA, but it switches between modulatory and catalytic modes.
Deprotonation of the H n E2 state modulated by ATP binding
The H þ /Ca 2 þ exchange rate on the cytoplasmic side is accelerated considerably by ATP binding to E2, particularly for the fully protonated H n E2 form (Mintz et al, 1995) . Furthermore, the absence of thapsigargin results in an increased Ca 2 þ affinity below pH 7 ( Figure 4B ). Thapsigargin, on the other hand, decreases the ATP affinity of the E2 state. This is well explained by thapsigargin stabilizing the protonated E2 form, and thus blocking the stimulatory effect of ATP on cation exchange. Based on these observations, we conclude that our structure of the E2(Tg)-AMPPCP complex represents a genuine H n E2-ATP state, trapped at an initial stage of transition to E1 states. This is further supported by our analysis of crystals of the E2-AMPPCP complex obtained at pH 6.2 without thapsigargin (Table I) .
How can we envision that ATP binding stimulates Ca 2 þ binding and accelerates the H n E2 to Ca 2 E1 transition? The stimulation of H þ /Ca 2 þ exchange by ATP binding must be described in terms of a cooperative mechanism, which is mediated both by the cation binding helices traversing the membrane and the cytoplasmic nucleotide binding domains. We are not in a position to observe the full expression of this cooperativity in the crystal structures because of the inhibitory effect of thapsigargin on both Ca 2 þ and ATP binding. However, what we can see from the structure is that proceeding from the E2P transition state to the dephosphorylated E2 state those parts of the peptide chain that connect the A-domain with the membrane (the A-M1, M2-A, and A-M3 linker regions) loosen their grip on the surface of the P-domain, thereby removing the TGES motif from its intimate contact with the phosphorylation site and destabilizing the proton-occluded state (cf also Figure 2B in Olesen et al, 2004) . We propose that the tighter association of the P-domain with the N-domain mediated by modulatory ATP in the E2 state leads to exposure of the buried M3-M4 and M5-M6 segments on the cytoplasmic site. It should be noted that during the nucleotide binding transition the N-terminal end of M5 (Asp738-Val744) gets in intimate contact with residues Thr355-Leu356 and Arg604-Cys614 that form part of the hinge between the N-and P-domains. This interaction may also play an important role in the 'cross-talk' between the membranous and the cytoplasmic regions, and between Ca 2 þ and ATP binding. The changes are probably accompanied by an increase in the cytoplasmic accessibility of the cation binding region, whose structure also becomes adapted for Ca 2 þ binding by rearrangement of liganding functionalities from a proton-occluded state. The conformational changes at the nucleotide binding site effecting a closer approach of the P-domain to the N-domain will be easily met, considering the high level of solvation of the interface of the nucleotide and the P-domain as observed in the E2(Tg)-AMPPCP structure (Figures 2 and 3 , Table II ).
Activation of the phosphorylation site by Ca 2 þ binding
As mentioned above, only small conformational changes are observed in the membrane by comparison of the E2(Tg) and E2(Tg)-AMPPCP forms. This may include the position of the Glu309 residue, which has been pinpointed as a gating residue in Ca 2 þ binding (Inesi et al, 2004) . The Glu309 residue in our structures adopts an inward facing conformation burying the carboxy-group, as has also been reported in the E2(Tg, BHQ) structure (Obara et al, 2005 ), yet unlike the previously reported structure of the E2(Tg) form where the carboxy-group was placed in a solvent-exposed position (Toyoshima and Nomura, 2002) . Regardless of the putative role of Glu309 in Ca 2 þ gating, this residue undoubtedly plays a central role for phosphoryl transfer from ATP to Asp351, which only occurs upon binding of the second Ca 2 þ ion in the membrane. While Ca 2 þ -binding at the first site in the membrane requires just minor adjustments of residues in M5 and M6, the binding of the second Ca 2 þ ion at the 304 VAAIPE 309 motif forming a Ca 2 þ -binding kink in M4 involves large conformational changes that are revealed by comparison of the E2(Tg)-AMPPCP with the Ca 2 E1-ADP:AlF 4 À structure (Figure 6 ). Focusing on the latter form these changes comprise an upward, translational shift and a B201 inclination of the M4 segment, imposing similar movements of M3. The C-terminal end makes a turn at Asn330 from where it runs below the P-domain and proceeds into the central N-terminal segment of the P-domain containing the Asp351 phosphorylation site (Figure 3) . As a result, the translational movement of M4 towards the cytoplasmic side exerts a push on the P-domain, which rotates towards the N-domain ( Figure 5 ). In the case of the N-terminal end of the M3 helix, attached to the A-domain, the M4-associated translational shift and 201 turn of the direction upon Ca 2 þ binding to the E2 state pulls out the A-domain with the TGES motif positioned as a plug between the N-and the P-domain (Figures 5 and 6 ). The N-and P-domains, held together by ATP, can now come together to form the catalytic site of the Ca 2 E1-ATP, with the g-phosphate and the side chain of Asp351 positioned for phosphoryl transfer by Mg 2 þ site I. As mentioned before the contacts of ATP to the P-domain in the E2 state are weak and solvated. This allows for the facile transition of the modulatory site to the entirely closed state of the Ca 2 E1-ATP form, triggered by calcium binding at site II. As a result, the interactions of ATP with the ATPase become tight and specific, ultimately resulting in phosphorylation of the Asp351 residue. Figure 2A . The position of ADP was adopted from the 1WPG structure (Toyoshima et al, 2004) and docked into the E2P transition state represented by 1XP5 (Olesen et al, 2004) on the basis of an alignment of the N-domain. Note the gradual closure of the N-and P-domains and the gradual transition from an exposed nucleotide binding site in the modulatory mode to an almost completely buried site in the catalytic mode.
ATP modulation of dephosphorylation
structure prompts us to address the stimulatory role of ATP on dephosphorylation (the E2P to E2 transition). Elements of the modulatory ATP site relating to the E2P transition state can be deduced from the reported H n E2(Tg)-MgF 4 2À complex containing bound ADP (Toyoshima et al, 2004) . The nucleotide binding site of this form is in a far more exposed position than in the E2(Tg)-AMPPCP complex (Table II) . It involves residues in the A-domain (Ile188, Lys205) rather than the Glu439 side chain. Interestingly, the comparison of the H n E2(Tg):AlF 4 À structure (or the related H n E2(Tg)-MgF 4 2À form) with the H n E2(Tg)-AMPPCP form (representing the H n E2P transition state and H n E2-ATP state, respectively) reveals the formation of a putative release tunnel for the liberated inorganic phosphate (represented by MgF 4 2À in Figure 7 ), appearing upon dislocation of the conserved TGES motif from the phosphorylation site. It is indeed likely that in this position nucleotide binding to the E2P enzyme will promote release of the liberated phosphate upon dephosphorylation, due to electrostatic repulsion from the triphosphate group, especially if charge compensation by Mg 2 þ ion is absent. This is in agreement with kinetic experiments on E2P dephosphorylation (Champeil et al, 1988 ). An additional effect causing ATP modulation of dephosphorylation may stem from a destabilization of the interface between the Nand A-domains in the E2P transition state, where we observe Glu439 to form a hydrogen bond to Ser186 in the nucleotidefree E2(Tg):AlF 4 À structure. This interaction will be affected by ATP, since Glu439 (via Mg 2 þ ) becomes engaged in ATP binding in the E2 product state of dephosphorylation ( Figure 7B ). The destabilization of the A-domain interface upon release of the liberated phosphate provides extra mobility of the A-domain and the M1 through M3 linkers, as required for the departure from the proton-occluded state (Olesen et al, 2004) . Interestingly, a Ser186Phe mutation in the SERCA2b isoform is associated with the hereditary Darier skin disease, and this mutant form was indeed shown to display a very slow dephosphorylation rate (Dode et al, 2003) .
ATP modulation of the Ca 2 E1BP to E2P transition
The Mg 2 þ site II observed in the E2(Tg)-AMPPCP complex is equivalent to the second Mg 2 þ ion observed in the Ca 2 E1-ADP:AlF 4 À complex, which has previously been proposed to stabilize the ADP leaving group after phosphorylation of Asp351 (Sorensen et al, 2004) . We therefore suggest that Glu439 may play an important role in catalysis by stimulating the separation of ADP from the phosphorylation site in the Ca 2 E1BP-ADP state ( Figure 7C ). Using the Glu439-MgAMPPCP arrangement observed in the E2(Tg)-AMPPCP complex, we reach at a hypothetical model of the productseparated Ca 2 E1BP-ADP state where Glu439 via the second Mg 2 þ ion attracts the ADP leaving group, permitting the formation of Ca 2 E1BP and its further transition to the E2P state. A similar mechanism was previously proposed, based on H 2 O 2 induced Fe 2 þ -cleavage data for Ca 2 þ -ATPase (Montigny et al, 2004) . The importance of Glu439 for catalysis is further indicated by the impaired response to proteolytic cleavage (Ma et al, 2003) and decreased ATPase activity of the Glu439Ala mutant of SERCA (Inesi et al, 2004) . Glu439 therefore appears to be important for the ATP modulated acceleration of the E1P-E2P transition that has been observed in kinetic experiments (Champeil and Guillain, 1986; Wakabayashi et al, 1986; Lund and Moller, 1988) . While all P1 and P2 type ATPases are subject to ATP modulation of the E2-E1 transition in the 100 mM to millimolar range, modulation of the E1P-E2P transition has only been observed in SERCA. In this connection, we wish to point out that the presence of a glutamate residue at position 439 in the 437 VGEATE motif is unique for SERCA of all animal species; it is in general replaced by an aspartate in other P-type ATPases, by asparagine in plasma membrane Ca 2 þ -ATPase, and by lysine in the secretory pathway Ca 2 þ -ATPase (cf Figure 2C) . We propose that the longer hydrocarbon chain of Glu439 in SERCA may be important to establish the formation of a sufficiently flexible arm for the product separation of MgADP from the ATPase in the Ca 2 E1BP-ADP configuration. 
The functional cycle of
Materials and methods
Purification and crystallization
Ca 2 þ -ATPase was prepared from sarcoplasmic reticulum (SR) vesicles, isolated from rabbit fast twitch skeletal muscle (SERCA1a), and purified by extraction with a low concentration of deoxycholate, according to established procedures (Andersen et al, 1985) . In order to produce E2-protein crystals, the purified membranes were solubilized by 35 mM octaethyleneglycol dodecylether (C 12 E 8 ) in 100 mM MOPS-OH (pH 6.8), 20% glycerol, 80 mM KCl, 3 mM MgCl 2 , 2 mM EGTA, in the presence or absence of 125 mM thapsigargin, and with or without 1 mM AMPPCP. The solubilization was followed by ultracentrifugation at 41C for 35 min at 50 000 r.p.m. in a Beckman TLA-110 rotor. The protein was kept on ice overnight and then subjected again to ultracentrifugation for 15 min at 70 000 r.p.m. The supernatant, with a protein concentration of approximately 12 mg/ml, was 495% pure and was used directly for crystallization experiments by the vapor diffusion method in hanging drops.
Crystallization drops of 2 þ 2 ml were formed by mixing protein solution and crystallization buffer consisting of 15% (w/v) PEG 2000 MME, 50 mM NaOAc, 10% (v/v) glycerol and 4% MPD. Large, single crystals grew over 2-3 weeks at 121C. Crystals were cryoprotected by adding 20% glycerol to the reservoir followed by equilibration overnight by vapor diffusion. The square plate-shaped crystals were mounted directly from the mother liquor in bent nylon loops, which would typically orient the almost 600 Å long c-axes within 301 of the rotation axis of the goniostat. Crystals were flashcooled in liquid nitrogen.
Data collection and processing
Data sets were collected using synchrotron radiation (Table I) . Data were processed and merged using the HKL package (Otwinowski, 1997) or XDS (Kabsch, 1993) . The structures were readily solved by molecular replacement using MOLREP (Vagin and Teplyakov, 1997) and a monomer of the PDB deposition 1IWO (Toyoshima and Nomura, 2002) as a search model. Apparently, our E2(Tg) crystal forms possess higher symmetry of the unit cell than that of the PDB depositions 1IWO and 2AGV (P4 1 2 1 2 versus P4 1 ) even though unit cell parameters and the crystal packing are essentially identical. The putative phosphate release tunnel that is seen in (A) is exposed due to displacement of the TGES motif from the phosphorylation site. The phosphate group has been modeled into the E2(Tg)-AMPPCP structure as represented by the MgF 4 2À group of E2(Tg)-MgF 4 2À on the basis of a structural alignment of the P-domain. (C) The suggested mechanism of Glu439 assisted phosphoryl transfer initiating the Ca 2 E1BP to E2P transition. A hypothetical contact of Glu439 to the MgADP leaving group (shown in sticks) facilitates the phosphorylation of Asp351 (modeled), destabilizing the interface between the N-and P-domains and leading to the transition to the E2P state. The N domain is colored in red and the P domain in blue cartoon, while the A domain has been omitted for clarity. package using maximum likelihood targets (Brunger et al, 1998) . Rebuilt models were subjected to energy minimization followed by restrained atomic B-factor refinement. Bulk solvent correction and anisotropic scaling was used at later stages. Omit F obs ÀF calc maps were inspected and revealed no interpretable features. The structures were validated with the CCP4 PROCHECK program (Laskowski et al, 1993) . Statistics of the data collection, refinement, and model validations are shown in Table I . The coordinates of the two E2(Tg)-AMPPCP forms and the E2(Tg) form 2 have been deposited in the Protein Data Bank (PDB) with entry codes 2C88, 2C8 K, and 2C8L respectively.
Biochemical assays
Nucleotide and Ca 2 þ binding. The binding properties of Ca 2 þ -ATPase membranes (0.1-1 mg. protein/ml), treated with or without thapsigargin (10-20 mM), was measured by Millipore filtration by the double filter technique (Moller et al, 2002) . ATP and MgATP binding by thapsigargin-bound or native ATPase in the E2 form was measured after addition of [C 14 ]-ATP at concentrations varying from 2.5-100 mM nucleotide to media containing either (i) 100 mM Mops/Tris (pH 7.2), 100 mM KCl, and 1 mM EDTA, or (ii) media where 1 mM Mg 2 þ and 1 mM EGTA had replaced 1 mM EDTA. Aliquots (2 ml), containing 0.20 mg protein, were filtered through Millipore nitrocellulose (0.45 mm) double filters, without rinsing, and the amount of bound nucleotide calculated from the difference between the radioactive counts present in the upper and lower filter. In the Ca 2 þ binding experiments, the effect of thapsigargin was tested in buffers at various pH, and in the absence or presence of AMPPCP. In addition, the perfusion media contained 100 mM buffer either of Mes, adjusted to pH 6.0 with Trisbase, or of Mops/Tris (pH 7.2), or Tes/Tris (pH 8.0)). After deposition of 0.25 mg protein on the upper filter, these were perfused with 2 Â1 ml medium, containing 100 mM KCl, 1 mM Mg 2 þ , 0.05 or 0.10 mM Ca 2 þ with [
45
Ca
2 þ ], and various concentrations of Ca 2 þ chelators to produce various free concentrations of Ca 2 þ , 1mM thapsigargin (for the thapsigargin reacted ATPase), absence or presence of 0.5 mM AMPPCP, and 100 mM buffer (either Mes/Tris (pH 6.0), or Mops/ Tris (pH 7.2), or Tes/Tris (pH 8.0)). The amount of Ca 2 þ binding to the ATPase was calculated from the difference between radioactive counts in the upper and lower filter, with a correction for Ca 2 þ medium contamination of 0.005 mM. As Ca 2 þ chelator in the perfusion media, we used EGTA at pH 6.0 and 7.2, but BAPTA at pH 8.0 to avoid 'erratic' pCa values (Forge et al, 1993a, b) , due to a too high dissociation constant for EGTA at pH 8.0, inappropriate for estimation of pCa values at this pH.
